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Series compounds Ca3(Co0.9M0.1)2O6 (M¼Co, Fe, Mn, Ni) with hexagonal crystal structure were prepared by sol–gel route as the cathode
materials for solid oxide fuel cells (SOFCs). Effects of the varied atomic compositions on the structure, electrical conductivity, thermal expansion
and electrochemical performance were systematically evaluated. Experimental results showed that the lattice parameters of Ca3(Co0.9Fe0.1)2O6
and Ca3(Co0.9Mn0.1)2O6 were both expanded to certain degree. Electron-doping and hole-doping effects were expected in Ca3(Co0.9Mn0.1)2O6
and Ca3(Co0.9Ni0.1)2O6 respectively according to the chemical states of constituent elements and thermal-activated behavior of electrical
conductivity. Thermal expansion coefﬁcients (TEC) of Ca3(Co0.9M0.1)2O6 were measured to be distributed around 16 106 K1, and
compositional elements of Fe, Mn, and Ni were especially beneﬁcial for alleviation of the thermal expansion problem of cathode materials. By
using Ca3(Co0.9M0.1)2O6 as the cathodes operated at 800 1C, the interfacial area-speciﬁc resistance varied in the order of
M¼CooM¼FeoM¼NioM¼Mn, and the over-potential increased in the order of M¼FeEM¼CooM¼MnoM¼Ni. Among all of
these compounds, Ca3(Co0.9Fe0.1)2O6 showed the best electrochemical performance and the power density as high as ca. 500 mW cm
2 at
800 1C achieved in the single cell with La0.8Sr0.2Ga0.83Mg0.17O2.815 as electrolyte and Ni–Ce0.8Sm0.2O1.9 as anode. Ca3(Co0.9M0.1)2O6 (M¼Co,
Fe, Mn, Ni) can be used as the cost-effective cathode materials for SOFCs.
& 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Chinese Materials Research Society. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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To cater for the human being’s ambition to build the
decentralized, hydrogen-based energy economy, solid-oxide
fuel cells (SOFCs) technology has a tremendous potential to
provide the future societies with the efﬁcient, environmentally
friendly, fuel-extendable electric power [1,2]. Currently, low-
ering the operation temperature to the intermediate range of
around 500–800 1C is one of the main goals in SOFCs
research, namely IT-SOFCs [3]. However, a great challenge
then confronted is to search for the active cathode materials
with accepted cost at lowered temperatures [4–6]. In the last/10.1016/j.pnsc.2015.09.002
15 The Authors. Production and hosting by Elsevier B.V. on behalf
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nder responsibility of Chinese Materials Research Society.decades, cobalt containing compounds with ABO3 perovskite
crystal structures have been intensively studied as the most
promising candidate cathode materials for IT-SOFCs due to
their prominent electro-catalytic activity and impressive elec-
trical conductivity, chieﬂy like Ba1xSrxCo1yFeyO3δ,
La1xSrxCoO3δ, Sr1xRExCoO3δ(RE¼ rare earth metal),
REBaCo2O5þδ, and their derivatives [7–12]. Nevertheless, a
huge problem with these cobaltite-based perovskites is their
rather large thermal expansion coefﬁcient (TEC), which may
rather disable the cathode function layer by peeling it off
unpredictably from the oxygen-ions conductive electrolytes,
such as Y2xZr12xO2x(YSZ), Ce1xSmxO2δ(SDC), La1
xSrxGa1yMgyO3δ(LSGM), etc. An immediate solution to
this problem is to tune the sublattice compositions with doping
elements. But in most cases, this effect is almost negligibleof Chinese Materials Research Society. This is an open access article under the
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cell components. On the other hand, once the dopant is
introduced, discrepancy in ion radius between the host and
guest ions can only be counteracted either by tilting or by
cooperative rotation, or by displacement of the M–O poly-
hedron subcells, and consequently the structural distortion is
almost inevitable. And in some extreme cases the ﬁrst-order
phase transition or collapse of the original lattice may then
ensue, which will sharply decrease the electronic and ionic
transport properties. Furthermore to some heavily-doped
compounds with perorveskite structure, surface elements
segregation or enrichment from A-sites is yet another hard-
handling problem, such as surface Sr-enrichment/segregation
on La1xSrxCoO3δ surface [13,14]. So, it is natural to think
that, if those key electro-catalytic properties of cobaltite
perovskites can still be retained, ﬁnding other cobalt contain-
ing structures with likewise robust lattices would be another
strategic way.
In this regard, Ca3Co2O6 (CCO) is a good candidate that
was recently explored as a promising cathode material in our
group [15]. As a member of large fascinating oxide family
A3nþ3mA′nB3mþnO9mþ6n [16], this interesting compound
(m¼0, n¼1, A¼Ca, A′¼B¼Co) crystallizes into hexagonal
crystal structure (R-3c space group) with pseudo 1D features.
The Ca atoms are evenly distributed around the [Co2O6]∝
pillars which consist of alternative face-shared CoO6 octahe-
drons and distorted CoO6 trigonal prisms (Fig. 1). Another
interesting character of this structure is that the constituent Co-
ions are packed into two groups of six-coordinated polyhe-
drons. So, there are actually three classes of M–O polyhedral
cages with three types of central metal ions in this lattice.
Diversity of M–O polyhedron subcells increases the structural
generality to a wide spectrum of atomic compositions, and this
may be an unexplained reason why a large number of metal-
oxides adopt this stacking mode [16]. Besides, the formula of
this compound is so fascinating and its constituent elements
are so plain and so easily accessible in the earth mantleFig. 1. Crystal structure of Ca3Co2O6. Left: hexa(compared with rare earth metal and other alkali earth mental
elements as in the afore-mentioned materials) that we are much
intrigued by the idea of adopting it as the cathode material for
SOFCs. On account of this, our interest is now more aroused
by further asking what new appreciated properties will result if
we use the Ca3Co2O6 lattice as the basic crystallographic
framework to accommodate more ﬂexible atomic composi-
tions. According to our previous study, this inquiry soon
becomes a constructive suggestion because the overall perfor-
mance of pure Ca3Co2O6 are far from being optimized as a
cathode material. Its TEC is still a little large and its electrical
conductivity is relatively low (5–9 S cm1 over the tem-
perature range of 300–800 1C), and so on.
Therefore, in order to achieve the coordinated contributions
from the multi-atomic compositions, original Ca3Co2O6 lattice
was used as the basic structural prototype to accommodate the
more functional atoms so that the Ca3Co2O6-based cathode
materials with more synthetically improved performances can
be achieved. In view of structural compatibility, only those
elements which are neighbors to the cobalt in the elements
periodic table are going to be considered, namely Fe, Mn, Ni.
Accordingly, Ca3(Co,M)2O6 (M¼Co, Fe, Mn, Ni) series
compounds were prepared by sol–gel route with citric acid
as the chelating agents and then systematically evaluated as the
cathode materials for the IT-SOFCs. The low level of the M
concentrate in Ca3(Co,M)2O6 was ﬁxed to the 0.1 mole
fractions of total (Co,M) sites so that each composition’s
beneﬁcial contributions can be identiﬁed one by one while the
key electro-catalytic contribution from the cobalt’s unique
redox couples is still retained.
2. Experiment
2.1. Materials preparation and cell fabrication
Polycrystalline Ca3(Co0.9M0.1)2O6 (M¼Co, Fe, Mn, Ni)
powders were prepared from citric acid complex precursors.gon cell; Right: projected view along c-axis.
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Ni(NO3)2  6H2O, C4H6O4Mn  4H2O, Fe(NO3)3  9H2O of ana-
lytical grade in stoichiometric ratio were dissolved into a
minimum amount of de-ionized water under continuous
stirring. The citric acid and ethylene glycol were then added
as the chelating regent and the disperser respectively; the molar
ratio of total metal ions to citric acid was set as 1:2. This
admixture of solution was then put on a hot plate to evaporate
until a dried homogeneous gel was obtained, and thus made
gel was ﬁrst burned at 400 1C for 5 h and then annealed at
900 1C for 10 h both in air with interment grinding. The
resultant powders were left for use and further heat treatment
according to characterization items.
Oxide electrolytes La0.8Sr0.2Ga0.83Mg0.17O2.815 (LSGM)
dense wafers and Ce0.8Sm0.2O1.9 (SDC) powders were pre-
pared via solid-state reaction, as described in our previous
works [17,18]. The anode composite was made by thoroughly
mixing the NiO and SDC ﬁne powders in weight percentage
ratio of 65:35.
Single cells were fabricated with an electrolyte-supported
technique. 230(75) μm thick LSGM disc was used as
electrolyte, NiO-SDC composite as anode, and SDC as the
buffer layer between the anode and the electrolyte to prevent
inter-diffusion of cationic species. The SDC slurry was screen-
printed onto LSGM disc and sintered at 1300 1C for 2 h in
stagnant air. The anode layer (30 μm) was attained by
screen-printing the “NiO-SDC” slurry on the electrolyte and
successively baking at 1250 1C for 4 h. The cathode slurry was
screen-printed onto another side of the electrolyte and ﬁred at
950 1C for 5 h to achieve porous texture with layer thickness
of 20 μm. To minimize current collector’s catalytic effect on
the both of anode and cathode sides, Ag grids is made by
drying a small amount of stuck Ag paste. The cell was
mounted onto an alumina tube and meticulously sealed by
Ag paste. H2 was fed to the anode side as a fuel at a ﬂow rate
of 60 mL min1 (STP) while the cathode side was exposed to
the ambient air.
Symmetric cells with conformation of cathode|LSGM|cathode
were employed to test electrochemical impedance spectroscopy
(EIS). The fabrication method of the symmetric cells is almost
same as that of single cells except that the cathode slurry was
simultaneously screen-printed onto the both sides of LSGM
disc. 3-electrode cells were fabricated as per literature with some
minor modiﬁcations [19]. Brieﬂy, Pt paste was screen-printed
onto the opposite side of electrolyte-supported cathode to act as
the counter electrode (C-E), aligned correctly in any possibility
with the cathode and sintered together with cathode. Ag paste
was painted aside cathode as the reference electrode (R-E). The
distance between the cathode and R-E was 2 mm; the area ratio
of the cathode to C-E was set about 1:2.
2.2. Characterization and electrochemical test
Crystal structure and phase purity of the samples were
monitored by X-ray powder diffraction (XRD, Philips X’Pert
PRO diffractometer) in Bragg–Brentano reﬂection geometry with
Cu Kα radiation at 40 kV and a receiving slit of 0.2–0.4 mm.The diffraction patterns were collected at room temperature by
step scanning in the range of 101r2θr801 with the scan rate
of 51 min1, and cell parameters were obtained by running
Whole-Proﬁle-Fitting program with Jade. The binding state of
compositional elements in Ca3(Co,M)2O6 (M¼Co, Fe, Mn and
Ni) was analyzed using a MULT1LAB2000 X-ray Photoelectron
Spectrometer incorporating. The incident radiation was mono-
chromatic Al Kα X-rays (1486.6 eV). Narrow high-resolution
scans were run to obtain O1s and Co2p level spectra with
0.05 eV steps. Base pressure in the analysis chamber was
1.0 109 Torr and during sample analysis was 1.0
108 Torr. All binding energies were referenced to the C1s
peak (285 eV) arising from adventitious carbon. Morphologies
of sample powders were imaged by high resolution electronic
images, and the micrographs were taken by a scanning electron
microscope (SEM, Hitachi: S4500) working at an electron
accelerating voltage of 20 kV.
The thermal expansion was measured on the rectangular-
shaped bar samples (5 mm 5 mm 20 mm) from RT to
1000 1C at a heating rate of 5 1C min1 by using a dilatometer
(NETZSCHSTA449c/3/G). Temperature dependence of elec-
trical conductivity was studied with a modiﬁed four-probe
method on the manually sampled RTS-8 digital instrument in
the stagnant air. To prepare specimens for the conductivity
measurement, as-prepared sample powders were pressed into a
pellet with diameter of 13 mm and thickness of 1 mm under a
pressure of 100 MPa followed by sintering at 900 1C for 10 h.
Electrochemical experiments were performed on a 2273
electrochemical system driven by the software package Power-
Suite. EIS across symmetric cells were collected around open
potential (Eocp) using a voltage disturbance signal of 10 mV
amplitude, and the frequency varied from 100 kHz to 10 mHz.
The program of ZsimpWin was used to construct the equivalent
circuit models and to simulate the EIS measurement based on
the least-squares method. Cathodic polarization was performed
on the 3-electrode cell to characterize the polarization behaviors
of the composite cathodes and I-V curve was measured on the
single cells to demonstrate the power density output.
3. Results and discussion
Phase impurity of as-prepared Ca3(Co0.9M0.1)2O6 (M¼Co,
Fe, Mn, Ni) powder by the sol–gel route were ﬁrst checked by
XRD. Phase-pure Ca3Co2O6 with hexagonal crystal structure
can be easily attained by annealing at 850–950 1C. The
representative XRD patterns of all Ca3(Co0.9M0.1)2O6
(M¼Co, Fe, Mn, Ni) samples at RT are presented in Fig. 2.
All samples’ primary peaks of XRD patterns can all be well
indexed to the hexagonal subcells. Evidently, Fe- and Mn-ions
have good solubility in solid solvent of Ca3Co2O6. However, a
minor amount of impurity phases appear in the sample with
M¼Ni which can be discerned as the CoNiO2 and CaO
separately, and this may be explained by the dominating
bivalent state of oxidized nickel and thus it is hard for the
crystal ﬁeld of Ca3Co2O6 to compensate the charges once such
a high level of Co-ions is removed by the Ni2þ ions. Despite
this fact, all of the compositions are still referred as
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the known secondary phases and actual stoichiometric con-
stituents. Back to Fig. 2, another interesting observation which
can be made is that the samples of M¼Fe and Mn seem to
have higher crystalline purity as faintly suggested by the
smaller humps imposed on the baselines at 2θE20 1C
compared with M¼Co, and meanwhile their baselines are
also smoother. This theoretical amorphous hump is almost
totally ﬂattened in the case of M¼Mn. So, good ionic-radius
tolerance and well-balanced bonding network can be totally
reached in the case of M¼Fe and Mn.
Besides, positional shift of the main diffraction peaks differs
from one sample to another, indicative of different degrees of
expanded hexagonal lattice. The lattice parameters calculated
by the Jade program are listed in Table 1. As M is set as Fe
and Mn, the lattice parameters a, b, and c are all increased
compared with that of the parent Ca3Co2O6. This lattice
expansion can be ascribed to three factors: one is the
substitution of Fe and Mn ions with larger radius for Co-ions,
and the second is the cationic valence change due to the
substitution, and the third is the difference in the ionic-
occupation site. As pointed out, Ni2þ and Fe3þ ions tend to
reside at trigonal prism site, 6a (0, 0, 1/4) of Co [20,21], and
Mn4þ ion like to occupy the octahedral site, 6b (0, 0, 0) [22].
As the cathode materials of SOFC, expansion of lattice helps
to support higher degree of freedom for oxygen ionic move-
ment and in turn to accelerate the kinetics of oxygen reduction
reaction.
Chemical states of elements O and Co are among the most
critical factors in determining the ionic and electronic transport
properties of a cobaltite conductor, and the binding state of20 40 60 80
CaO
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Fig. 2. XRD patterns of Ca3(Co0.9M0.1)2O6 powders after fully annealed at
900 1C in air.
Table 1
Lattice parameters of Ca3(Co0.9M0.1)2O6 obtained from Jade program
a.
Sample Space group a (Å) b (Å)
M¼Co R-3c 9.074 (3) 9.074 (3)
M¼Fe R-3c 9.080 (5) 9.080 (5)
M¼Mn R-3c 9.087 (3) 9.087 (3)
aData for M¼Ni discarded for low reliability.each element is assessed by the XPS of O1s and Co2p core-
level. The O1s spectrum of Ca3Co2O6 sample consisted of two
components around 529.5 and 532.1 eV (Fig. 3a) respectively,
and one should reasonably be assigned to the surface oxygen
species (Osurf) while another to the lattice ones (OLattice)
[23,24]. Superimposed upon this proﬁle, evolution of O1s
spectra with the varied atomic compositions shows the little
change in shape, implying that ordered or disordered state of
oxygen vacancy remained essentially undisturbed in spite of
incorporation of guest M-anions. When the M in
Ca3(Co0.9M0.1)2O6 is Mn, there is a slight shift in peak-
position and this result is likely correlated with change in
balanced M–O bonding strength due to the electron-doping
effect of Mn.
Side by side, Fig. 3b shows the asymmetric Co2p core-level
spectra in the Ca3(Co0.9M0.1)2O6 series compounds. In all
samples, there is one dominating valence state as implied by
monotonous ﬂuctuation of the main peaks, reasonably corre-
sponding to Co3þ (components Co2p1/2 and Co2p3/2). Con-
forming to the drawn conclusions from O1s, the difference in
binding scenario of Co2p appears when M is Mn. Between the
main asymmetric peaks of Co2p, there is an obviously newly-
appeared satellite peak between the two main ones of
Ca3(Co0.9Mn0.1)2O6, theoretically corresponding to Co
2þ for
the electron doping effect of Mn since the preferred state of the
oxidized manganese is þ4, which can denote more electrons
to reduce high valence of Co-ions to low valence state.
The electrical conductivity (s) of Ca3(Co0.9M0.1)2O6
(M¼Co, Fe, Mn, Ni) as the function of heating temperature
is subsequently shown in Fig. 4a. All compounds behave like a
thermal-activated semiconductor in the temperature range
between 300 1C and 800 1C and their apparent electrical
conductivity differ only slightly from each other. As it is
well-known, B-site sublattice cations are commonly respon-
sible for the electron transfer in transition-metal oxides through
strong overlapping B–O–B bonds in accordance with Zerner
double-exchange mechanism, illustrated in Eq. (1), and the
overlapping between oxygen 2p orbits with transition metal 3d
orbit results in the electronic conduction involving B cations
with different valence states.
B O B B O B
B O B 1
n n n n
n n
2 1 1 1
1 2
− − ⇒ − −
⇒ − − ( )
+ − ( + )+ ( + )+ − ( + )+
( + )+ − +
Among, Mn can effectively improve the electrical conduc-
tivity of Ca3(Co0.9M0.1)2O6 over the whole temperature range
while Fe can also do in the temperature range of cell operation.c (Å) α (deg.) β (deg.) γ (deg.)
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Fig. 3. XPS of (a) O1s and (b) Co2p in Ca3(Co0.9M0.1)2O6.
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if all target amount of alivalent Ni2þ ions can be successfully
introduced into the lattice. The fact that the actual electrical
conductivity of Ca3(Co0.9Ni0.1)2O6 is not superior to
Ca3Co2O6 at higher temperatures may be explained by the
presence of insulating impurity phases like CaO.
On the other hand, knowledge of conduction mechanism can
help to learn more about structural information, and so the
Arrhenius plots of ln(sT) vs 1000/T is shown in Fig. 4b. For
the M¼Co and Fe sample, the corresponding curve is hard to
be linearly ﬁtted over the whole investigating temperatures,
which means that the nature of conduction at lower tempera-
tures differs from that in higher temperature range. As for
M¼Mn and Ni, a nearly straight line can be essentially ﬁtted.
Considering the 1D feature of crystallographic structure,
introduction of manganese and nickel anions may enhance
the inter-pillar charge-exchange on the whole investigating
temperature range, which may occur only in high temperature
range for M¼Co, and Fe.
In the fabrication and operation of the SOFC, there are
concerns regarding the thermal expansion behavior of a
cathode material, and the large TEC mismatch between the
cell’s adjacent components make it difﬁcult to achieve a ﬁrm
connection. So, the TECs of all samples were measured in air
when the temperature was ranged from 25 1C to 1000 1C, as
shown in Fig. 5. All specimens’ expansions are almost linearly
changed with heating temperatures between 200 1C and950 1C after initial conditioning of the measure system. Based
on the differential calculation additionally, the average TECs
of all Ca3(Co0.9M0.1)2O6 samples are estimated to distribute
around 16 (106 K1), which are all much closer to the
above-mentioned oxide electrolytes than most Co-based per-
ovskite cathodes (typically above 20). Compositional elements
of Fe, Mn and Ni are especially appreciated since they can
further reduce the TEC of Ca3(Co0.9M0.1)2O6 to lower levels as
opposed to that of Ca3Co2O6. What is more, the continuously
progressing change of thermal expansion with temperature
demonstrates the lattice stability on the one hand, and, on the
other hand, implies that there is no ordering phase of oxygen
vacancies formed during the heating in all members, which is
viewed as a prerequisite for producing effective oxygen ionic
mobility [25].
Kinetics of oxygen reduction reaction on the title cathodes was
ﬁrst studied by EIS with the LSGM-supported symmetric electro-
des, and the corresponding Nyquist plots of the cells are shown in
Fig. 6a. All curves contain essentially two heavily overlapped
capacitance arcs arising from different relaxation of electrode
process, and this can be further conﬁrmed by the Bode plots in
Fig. 6b since each curve contains primarily two time constants
(arrows pointing C1 and C2 respectively in Fig. 6b), which means
that ORR is governed by at least two different electrode processes.
Based on this results, the cathode–electrolyte interface can be
modeled correspondingly by the equivalent circuit of
Rohm(R1Q1)(R2Q2) (ﬂoating upon Fig. 6a), in which, the overall
F. Li et al. / Progress in Natural Science: Materials International 25 (2015) 370–378 375ohmic resistance, Rohm, includes the electrolyte resistance, the
electrode ohmic resistance, and the lead resistance. On the all arcs,
the high-frequency resistance is probably associated with charge-
transfer processes (R1). The low-frequency arc is ascribed to
diffusion processes (R2), including the adsorption-desorption of
oxygen, oxygen diffusion at the gas–cathode interface, and the
surface diffusion of intermediate oxygen species [19,26]. The
difference between the real axes intercepts of the impedance plot is
considered to be the cathode polarization resistance (Rp¼R1þR2),
commonly normalized as area speciﬁc resistance (ASR). On the
whole, ASR increases much unfavorably with the decreasing
temperature as indicated by the ln(ASR)-1000/T lines (Fig. 6c),
and so the title cathode materials are not suitable for running in the300 400 500 600 700 800 900 1000 1100
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Bode plots; (c) Arrhenius plots of ASRs of the electrodes with corresponding valurelatively lower temperature ranges. Compared to Ca3Co2O6 at
800 1C, the ASR is almost the same except
for Ca3(Co0.9Mn0.1)2O6 and the ASRs increase in the order
of Ca3(Co0.9Mn0.1)2O64Ca3(Co0.9Ni0.1)2O64Ca3(Co0.9Fe0.1)2
O64Ca3(Co0.9Co0.1)2O6. However, ASRs of Ca3(Co0.9Mn0.1)2O6
and Ca3(Co0.9Ni0.1)2O6 are less sensitive to the decreasing
temperatures compared with those of Ca3(Co0.9Fe0.1)2O6 and
Ca3(Co0.9Co0.1)2O6 as demonstrated by the magnitudes of active
energy (Ea) values calculated from the Arrhenius plots of ASRs in
Fig. 6c. The difference in this property is probably caused by the
difference in electrical conductivity since conductivities of
Ca3(Co0.9M)2O6 (M¼Ni, Mn) are also less sensitive to tempera-
tures compared with M¼Co and Fe (Fig. 5). Good electrical
conductivity equally facilitates the charge transfer between cathode
and neutral adsorbed oxygen-species in the process of ORR. It is
also worth noting that the magnitudes of the Ea ﬁtted from thermal
evolution of ASRs are extraordinarily low compared with those of
other highly active cathodes [27].
Since EIS of a symmetric cell comprises both the anodic and
the cathodic branches of an electrode in principle, it is
necessary to study the overpotential behavior of the cathode
on the 3-electrode platform. Fig. 7 collects the current–over-
potential curves of Ca3(Co0.9M0.1)2O6 cathodes. Polarizing
extent of all electrodes is rather sensitive to operating
temperature as exempliﬁed by Ca3Co2O6 in the Fig. 7a. Of
our particular concern is the effect of varied atomic composi-
tion on overpotential within the cell (Fig. 7b).
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800 1C ( ohmic drop across LSGM layer strictly controlled by ﬁxing thickness to 240 μm).
0.0 0.5 1.0 1.5 2.0
0.0
0.2
0.4
0.6
0.8
1.0
1.2  800 °C
°C
°C
°C
 750 
 700 
 650 
Po
te
nt
ia
ls
 (V
)
0
100
200
300
400
500
0.0 0.5 1.0 1.5 2.0
0.0
0.2
0.4
0.6
0.8
1.0
1.2  800 
 750 
 700 
 650 
Po
te
nt
ia
l (
V
)
0
100
200
300
400
500
0.0 0.5 1.0 1.5 2.0
0.0
0.2
0.4
0.6
0.8
1.0
1.2  800 
 750 
 700 
 650 
Po
te
nt
ia
ls
 (V
)
0
100
200
300
400
500
0.0 0.5 1.0 1.5 2.0
0.0
0.2
0.4
0.6
0.8
1.0
1.2  800 
 750 
 700 
 650 
Po
te
nt
ia
ls
 (V
)
0
100
200
300
400
500
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
Fig. 8. Current dependence of potentials and power density of single cells with Ca3(Co0.9M0.1)2O6 cathode at different temperature: (a) M¼Co, (b) M¼Fe,
(c) M¼Mn, (d) M¼Ni.
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sequence of Ca3(Co0.9Ni0.1)2O64Ca3(Co0.9Mn0.1)2O64
Ca3(Co0.9Fe0.1)2O6ECa3Co2O6. Considering the lowered
cobalt content, it is remarkable that Ca3(Co0.9Fe0.1)2O6 exhibit
the same overpotential with Ca3Co2O6.
Fig. 8 displays the their voltage and power density as a
function of the current density with the Ca3(Co0.9M0.1)2O6
samples as cathodes working in a pure H2. A 240-μm-thick
LSGM disc was used as electrolyte and Ni-SDC as anode.
Open circuit potential (Eocp) of all cells reach the value nearly
as high as 1.15V at 800 1C, almost reaching to the Nernst limit.
It is clearly seen that the Ca3(Co0.9M0.1)2O6 (M¼Co, Fe)
cathodes are superior to those of Ca3(Co0.9M0.1)2O6 (M¼Mn,
Ni) in term of electro-catalytic activity, and highest powerdensity close to ca. 500 mW cm2 at 800 1C is achieved from
the single cell with Ca3(Co0.9Fe0.1)2O6 as the cathode, Fig. 9b.
The power density order is Ca3(Co0.9Fe0.1)2O64Ca3Co2O64
Ca3(Co0.9Mn0.1)2O64Ca3(Co0.9Ni0.1)2O6, consistent with the
order based on the cathodic polarization curve on the
3-electrode cells.
Fig. 9 shows the SEM micrographs of cathode/electrolyte
interface and electrode surface. The cross-view SEM image
between cathode and electrolyte is displayed in Fig. 9a. All the
cathodes produce the similar porous backbone with thicknesses
of about 20 μm. It is clear that no obvious phase boundary was
observed, indicative of a good connection between cathodes
and electrolyte. However, different surface morphologies of
cathode backbone were clearly seen, as displayed in Fig. 9b–e.
Fig. 9. (a) Cross-sectional SEM images of Ca3(Co0.9Fe0.1)2O6 (M¼Co) cathode/electrolyte interface, and high-magniﬁcation SEM images revealing the
microstructural details of cathode surface: (b) M¼Co, (c) M¼Fe, (d) M¼Mn, (e) M¼Ni.
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exhibit ﬁner the crystalline grains, and this can improve the
cathode performances in at least two ways: (1) alleviating the
TEC to a certain extent as predicted from Young–Laplace
formula; (2) increasing the internal surface for oxygen
exchange by increasing more active sites, which in turn tend
to lessen the polarization resistance based on the Adler or ALS
model [28,29]:
R
2chem
RT
F a D k2 1 C k
2
0
2= ( )
τ
ε( − )where τ, ε, Dk, k and a are tortuosity, fractional porosity, ionic
oxygen diffusion constant, gaseous oxygen surface exchange
coefﬁcient and internal surface area/unit volume, respectively,
and C0 is the surface concentration of oxygen.
Additionally, there are almost no any invisible secondary
particles on the primary ones in the sample of M¼Fe and Mn.
Returning to the discussion based on baselines in XRD proﬁles,
Fe and Mn atomic compositions in Ca3(Co0.9M0.1)2O6 seem to
act as purifying agents for the crystallization. Comparatively,
there are many secondary particles evolving out on surface of
Ca3Co2O6 particles which can be viewed as amorphous species
F. Li et al. / Progress in Natural Science: Materials International 25 (2015) 370–378378from the XRD baseline. In this respect, Fe and Mn seem to act as
the unique compositions to promote the structural homogeneity.
As for sample with M¼Ni, the secondary phase is quite evident
either by SEM examination or by XRD detection.
4. Conclusions
Cationic substitutions are employed to enhance the overall
performance of Ca3Co2O6 cathode of SOFC. The studies show
that the cationic substitution in Ca3Co2O6 has great effects on
the structure, electrical conductivity, thermal expansion and
electrochemical performance. Lattice of Ca3Co2O6 can be
expanded by Fe and Mn substitution. The electrical conduc-
tivity of Ca3Co2O6 can be improved by Mn substitution and
the thermal expansions can be well suppressed by Fe-, Mn-
and Ni-substitutions. As cathode material for SOFC,
Ca3(Co0.9Fe0.1)2O6 exhibits the power density as high as ca.
500 mWcm2 at 800 1C. The difference in the electro-catalytic
property can be mainly attributed to the difference in ion-
electron mixed transporting properties and cathode–electrolyte
interface structure. Our experiment demonstrates that one-
dimensional compounds of Ca3(Co0.9M0.1)2O6 are promising
cost-effective cathode materials.
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